Detection of cytoplasmic DNA represents one of the most fundamental mechanisms of the innate immune system to sense the presence of microbial pathogens 1 . Moreover, erroneous detection of endogenous DNA by the same sensing mechanisms has an important pathophysiological role in certain sterile inflammatory conditions 2, 3 . The endoplasmic-reticulum-resident protein STING is critically required for the initiation of type I interferon signalling upon detection of cytosolic DNA of both exogenous and endogenous origin [4] [5] [6] [7] [8] . Next to its pivotal role in DNA sensing, STING also serves as a direct receptor for the detection of cyclic dinucleotides, which function as second messenger molecules in bacteria 9-13 . DNA recognition, however, is triggered in an indirect fashion that depends on a recently characterized cytoplasmic nucleotidyl transferase, termed cGAMP synthase (cGAS), which upon interaction with DNA synthesizes a dinucleotide molecule that in turn binds to and activates STING 14, 15 . We here show in vivo and in vitro that the cGAS-catalysed reaction product is distinct from previously characterized cyclic dinucleotides. Using a combinatorial approach based on mass spectrometry, enzymatic digestion, NMR analysis and chemical synthesis we demonstrate that cGAS produces a cyclic GMP-AMP dinucleotide, which comprises a 29-59 and a 39-59 phosphodiester linkage .Gp(29-59)Ap(39-59).. We found that the presence of this 29-59 linkage was required to exert potent activation of human STING. Moreover, we show that cGAS first catalyses the synthesis of a linear 29-59-linked dinucleotide, which is then subject to cGASdependent cyclization in a second step through a 39-59 phosphodiester linkage. This 13-membered ring structure defines a novel class of second messenger molecules, extending the family of 29-59-linked antiviral biomolecules.
Detection of cytoplasmic DNA represents one of the most fundamental mechanisms of the innate immune system to sense the presence of microbial pathogens 1 . Moreover, erroneous detection of endogenous DNA by the same sensing mechanisms has an important pathophysiological role in certain sterile inflammatory conditions 2, 3 . The endoplasmic-reticulum-resident protein STING is critically required for the initiation of type I interferon signalling upon detection of cytosolic DNA of both exogenous and endogenous origin [4] [5] [6] [7] [8] . Next to its pivotal role in DNA sensing, STING also serves as a direct receptor for the detection of cyclic dinucleotides, which function as second messenger molecules in bacteria [9] [10] [11] [12] [13] . DNA recognition, however, is triggered in an indirect fashion that depends on a recently characterized cytoplasmic nucleotidyl transferase, termed cGAMP synthase (cGAS), which upon interaction with DNA synthesizes a dinucleotide molecule that in turn binds to and activates STING 14, 15 . We here show in vivo and in vitro that the cGAS-catalysed reaction product is distinct from previously characterized cyclic dinucleotides. Using a combinatorial approach based on mass spectrometry, enzymatic digestion, NMR analysis and chemical synthesis we demonstrate that cGAS produces a cyclic GMP-AMP dinucleotide, which comprises a 29-59 and a 39-59 phosphodiester linkage .Gp(29-59)Ap(39-59).. We found that the presence of this 29-59 linkage was required to exert potent activation of human STING. Moreover, we show that cGAS first catalyses the synthesis of a linear 29-59-linked dinucleotide, which is then subject to cGASdependent cyclization in a second step through a 39-59 phosphodiester linkage. This 13-membered ring structure defines a novel class of second messenger molecules, extending the family of 29-59-linked antiviral biomolecules.
Recently, it has been demonstrated that upon intracellular DNA delivery, a cytoplasmic enzyme dubbed cyclic GMP-AMP synthase (cGAS) produces a ribo-dinucleotide, which in turn binds to and activates STING 14, 15 . Given the striking analogy to bacterial cyclic dinucleotide recognition and its determined molecular mass, it was suggested that this molecule constitutes a cyclic adenosine monophosphateguanosine monophosphate (cGAMP) with a symmetric 12-membered ring formed by 39-59 linked nucleotide residues (.Gp(39-59)Ap(39-59)., cGAMP(39-59)). On the other hand, it was shown that STING-dependent DNA sensing can be differentiated from bacterial cyclic di-GMP recognition through a point mutation at a conserved arginine residue (R231A) within the lid region of murine STING 9 . R231 functions to indirectly bind the phosphate of the phosphodiester bond of cyclic di-GMP/AMP through a Mg 21 or H 2 O molecule, yet this coordination seems to be dispensable for STING activation in response to DNA transfection. We have recently identified a novel STING ligand (10-carboxymethyl-9-acridanone, CMA) that also triggers STING activation independently of the R231 residue 16 . In fact, the crystal structure of CMA bound to murine STING revealed that the lid region binds CMA differently than cyclic di-GMP and that R231 is not involved in CMA binding. We were intrigued by the differential role of R231 for DNA and cyclic di-GMP sensing, given the fact that modelling studies using cGAMP(39-59) instead of cyclic di-GMP could not readily explain the reported differential role of this residue at the structural level. To explore this further, we expressed cGAS in HEK293T cells together with either wild-type murine STING or its R231A mutant. As a control, we induced endogenous cyclic di-GMP production using a codonoptimized version of the thermophilic diguanylate cyclase domain (tDGC) (amino acids 83-248) of Thermotoga maritima 17 and a codon-optimized version of the recently discovered bacterial cGAMP(39-59) synthetase (DncV) from Vibrio cholerae 18 . As expected, overexpression of the cyclic di-GMP synthetase, the cGAMP synthetase and cGAS induced a robust type I interferon (IFN) response in HEK293T cells expressing wild-type murine STING. Moreover, in line with previous reports, expression of the R231A point mutant completely abolished type I IFN production in response to endogenous cyclic di-GMP production, but not upon overexpression of cGAS ( Fig. 1a and Supplementary  Fig. 1) . Surprisingly, however, induction of endogenous cGAMP production using DncV was also completely blunted for the R231A mutant. Next we stimulated HEK293T cells overexpressing wild-type murine STING or the R231A mutant directly with synthetic compounds. As previously reported, CMA-mediated activation of STING did not require coordination through R231 and in accordance with the synthetase data from above, synthetic cyclic di-GMP only activated cells expressing wild-type murine STING, but not the R231A mutant (Fig. 1b) . Unexpectedly, synthetic cGAMP(39-59) was also completely blunted in its stimulatory activity when transfected into cells expressing STING(R231A). Altogether, these results confirmed previous reports on DNA/cGASmediated STING activation being distinct from cyclic dinucleotide sensing with regards to the involvement of the lid region of STING. At the same time, however, these results questioned the concept of cGAMP(39-59) being the cGAS-dependent second messenger molecule activating STING.
To follow up on this observation, we generated cytoplasmic lysates from cGAS overexpressing HEK293T cells and untreated HEK293T cells and subjected the protein-depleted, low-molecular-weight fraction to reversed-phase high-performance liquid chromatography (RP-HPLC). In comparison to untreated HEK293T cells, cGAS-overexpressing HEK293T cells showed an additional, unique peak with a retention time of 46 min (Fig. 2a, *) , whereas synthetic cGAMP(39-59) spiked into cell lysate eluted at a far higher retention time (Fig. 2a , **). Comparing endogenously produced cyclic di-GMP to synthetic cyclic di-GMP under the same conditions revealed no difference in retention time, excluding the possibility of the purification process affecting the physiochemical properties of the compounds ( Supplementary Fig. 2) . Fractionation of the cell-derived, cGAS-specific low-molecular-weight product (*) and transfer into STING competent LL171 cells revealed potent stimulatory activity, within the same range as synthetic cGAMP(39-59) ( Fig. 2b and Supplementary Fig. 3 ). Analogous results were obtained when purified cGAS was incubated in vitro with GTP and ATP (Fig. 2c) . A cGAS-dependent peak could be detected at the same retention time as in cell lysates from cGAS overexpressing HEK293T cells and only this peak exerted stimulatory activity in LL171 cells (Fig. 2d) . Thin-layer chromatography (TLC) as an alternative separation technique revealed that the cell-derived and the in-vitro-synthesized cGAS product showed a similar chromatographic mobility to that of the synthetic cGAMP(39-59) (Fig. 2e) . Despite the big difference in chromatographic properties under RP-HPLC conditions, electrospray ionization-liquid chromatography-mass spectrometry (ESI-LC-MS) analysis revealed the same molecular mass (m/z (M-H) 5 673.1) for both the cell-derived cGAS product and synthetic cGAMP(39-59) (Fig. 2f ). In addition, while the MS/MS fragmentation pattern of the cGAS-derived molecule was consistent with a ribo-dinucleotide made up of guanosine and adenosine, these studies reproducibly displayed a clear difference compared to synthetic cGAMP(39-59) ( Supplementary Fig. 4 ). Most intriguingly, the MS/MS fragmentation studies pointed to the presence of a 29-59 phosphodiester bond between guanosine and adenosine (Supplementary Figs 4-6 and Supplementary Notes 1 and 2).
On the basis of these observations, we considered several candidate molecules as products of cGAS ( Supplementary Fig. 7 ). Among these, a cyclic dinucleotide with one or two 29-59 phosphodiester bonds seemed to be most likely. To address this hypothesis, we performed a series of enzyme digests coupled to TLC and ESI-LC-MS. First, we treated synthetic cGAMP(39-59) and the in-vivo-and in-vitro-synthesized Asterisks highlight differential elution peaks. b, IFN-stimulated response element (ISRE) activity in LL171 cells. Endogenous cGAS product was purified from a and transfected into LL171 cells, whereas synthetic cGAMP(39-59) served as a control. ISRE-reporter activity was measured 14 h later. c, Chromatogram of an in vitro cGAS assay. The asterisk indicates the fraction that elutes at the same retention time as the endogenous product from a. d, ISRE activity in LL171 cells. Peaks 1-8 from c were fractionated and transfected into LL171 cells that were then studied for ISRE-reporter activity using respective control stimuli. e, TLC analysis of in-vitro-and in-vivosynthesized cGAS product with ATP, GTP and synthetic cGAMP(39-59) as controls. f, ESI-LC-MS analysis of in-vivo-produced cGAS product and synthetic cGAMP(39-59). Representative data of two (e) or three (a-d, f) independent experiments are shown (mean values 1 s.e.m.).
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cGAS product using S1 nuclease and ribonuclease T2. Both enzymes can cleave internal 39-59 phosphodiester linkages. Synthetic cGAMP(39-59) could be processed into mononucleotides by both enzymes, whereas the cGAS-derived cyclic dinucleotide was only cleaved into a linear dinucleotide (Fig. 3a-c and Supplementary Fig. 9a, b) . These results suggested that one of the internucleotide bonds was not a 39-59 phosphodiester. To address which one of the two phosphodiester bonds was not hydrolysable by the enzymes above, we took advantage of the nucleotide specificity of ribonuclease T1, which catalyses the endonucleolytic cleavage of 39-59 phosphodiester bonds only after guanosine. As expected, ribonuclease T1 processed synthetic cGAMP(39-59) into a linear dinucleotide, consistent with the presence of a Gp(39-59)A phosphodiester bond (Fig. 3d and Supplementary Fig. 9c ). The cGASderived dinucleotide, however, was not processed, indicating that the 
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GpA phosphodiester bond was not 39-59. In line with this notion, substitution of GTP by 29dGTP during the in vitro enzymatic reaction completely blunted synthesis of dinucleotides by cGAS, whereas addition of 39dGTP gave rise to small, but consistent amounts of a cGAMP product ( Supplementary Fig. 10 ). In a reverse approach, we made use of snake venom phosphodiesterase I (SVPDE), which can hydrolyse 59-mononucleotides from 39-hydroxy-terminated ribo-oligonucleotides. Consistent with its two internal 39-59 phosphodiester bonds, synthetic cGAMP was not processed by SVPDE, whereas the cGAS-derived product was hydrolysed in a two-step process into its mononucleotide components ( Fig. 3e and Supplementary Fig. 9d ). Altogether, these results clearly identified the cGAS-derived dinucleotide product as a cyclic GA dinucleotide with a 29-59 phosphodiester linkage between guanosine and adenosine and a 39-59 phosphodiester linkage between adenosine and guanosine .Gp(29-59)Ap(39-59). (cGAMP(29-59) ).
Comparison of synthetic cGAMP(39-59) and the cGAS-derived product by 1 H-NMR spectroscopy supported the notion of differing 39-59/ 29-59 linkages between guanosine and adenosine within the cyclic GA dinucleotide and revealed crucial information on the ribose conformation of the distinct nucleotide elements in both molecules (Supplementary Fig. 11 and Supplementary Note 3). Relying on these data we were able to formulate a model of cGAMP(29-59) based on the previously determined structure of cyclic di-GMP bound to STING (Fig. 3f, g and Supplementary Note 3). To provide an additional proof of cGAMP(29-59) being the actual cGAS-derived second messenger molecule, we chemically synthesized .Gp(29-59)Ap(39-59). and its isomer .Gp(39-59) Ap(39-59). (Supplementary Fig. 12 ). As expected, synthetic cGAMP (29-59) had the same physiochemical properties as the in vitro cGASgenerated dinucleotide (Supplementary Fig. 13 ). Transfection of both DNA and cyclic dinucleotides (39-59linked) has been shown to induce indistinguishable transcriptional responses in murine cells in a STING-dependent manner. However, despite being equally responsive towards DNA challenge, recent reports indicated that human cells are less responsive to intracellular delivery of cyclic dinucleotides or other STING ligands 19 . To determine whether these species-specific properties of STING would also apply for the recognition of cGAMP, we first sought to compare both cGAMP isomers with regard to their biological activity in human and murine cells. Transfection of both cGAMP(29-59) and cGAMP(39-59) into murine embryonic fibroblasts and macrophages strongly induced production of the antiviral cytokine IP-10, confirming previous reports on the stimulatory potency of cyclic dinucleotides for murine STING (Fig. 4a, b) . However, to our surprise, we reproducibly observed a marked difference in responsiveness towards the two cGAMP isomers, when we tested them for functional activity in human fibroblasts and the monocytic cell line THP-1 (Fig. 4d, e) . Here, cGAMP(29-59) was more active than cGAMP(39-59) with regards to production of IP-10. In fact, human fibroblasts were almost unresponsive towards transfection with cGAMP(39-59), even at high concentrations of the cyclic dinucleotide being delivered. Similar results were obtained when we studied HEK293T cells overexpressing cGAS or the cGAMP synthetase DncV derived from V. cholerae (Fig. 4c and f) . Whereas expression of murine STING rendered HEK293T responsive towards both the cGAS and the cGAMP synthetase products, only cGAS expression was able to activate human STING. Finally, we performed binding studies with the carboxy-terminal ligand-binding domain (LBD) of mouse and human STING using differential scanning fluorometry (DSF). These data revealed that cGAMP(29-59) showed stronger complex formation with both human and mouse STING compared to cGAMP(39-59) (Fig. 4g, h ). Of note, this preference for cGAMP(29-59) over cGAMP(39-59) was more prominent when the LBD of human STING was tested. Together, these data indicate that, in contrast to cGAMP(39-59), cGAMP(29-59) is highly potent in the human system and, like DNA, is not affected by species-specific properties of STING.
Next we wanted to delineate the mechanism of cGAS-dependent cyclic dinucleotide synthesis. Enzymatic cGAS reactions in the presence of excess substrate (ATP/GTP) displayed, among other dinucleotide species, one predominant peak in ESI-LC-MS analysis, which was represented by pppGp(29-59)A (Supplementary Fig. 10 ). However, upon termination of the reaction we identified four distinct linear dinucleotide species at almost similar quantities, next to .Gp(29-59) Ap(39-5). as the major species (Fig. 5a ). These molecules included: pppGp(29-59)A, pppGp(39-59)A, pppGp(29-59)G and pppAp(39-59)A (Fig. 5a ). When we incubated ATP or GTP alone with cGAS, either pppAp(39-59)A or pppGp(29-59)G predominated by approximately 10:1 over their respective phosphodiester linkage isomers (Supplementary Fig. 14) . Of note, whereas GTP by itself gave rise to substantial amounts of a cyclic dinucleotide (.Gp(29-59)Gp(39-59).), ATP by itself was unable to trigger synthesis of detectable amounts of a cyclic dinucleotide. This observation indicated that a 29-59 dinucleotide constitutes the substrate for the subsequent cyclization reaction and that pppGp(29-59)A represented the precursor molecule for cGAMP(29-59).
To prove this hypothesis, we fractionated the four major dinucleotide LETTER RESEARCH species obtained during enzymatic cGAS reactions and incubated them again with cGAS. Interestingly, we found that both 29-59-linked dinucleotide species were quantitatively converted into cyclic dinucleotides, whereas the 39-59-linked dinucleotides were only scarcely, if at all, converted ( Fig. 5b and Supplementary Fig. 15 ). Interestingly, the second phosphodiester bond was linked exclusively via 39-59 for all cyclization reactions. Together these results unequivocally identified pppGp (29-59)A as the precursor of cGAS-dependent cGAMP(29-59) synthesis. On the basis of these results we postulate the following two-step synthesis model (Fig. 5d) . (1) In the presence of ATP and GTP cGAS first catalyses the generation of a linear dinucleotide, with the attacking nucleotide determining the type of phosphodiester bond being generated. 59-GTP preferentially results in a 29-59 linkage, whereas 59-ATP results in a 39-59 linkage leading to either pppGp(29-59)R or pppAp (39-59)R, respectively. In this first synthesis step, cGAS shows a preference for GTP over ATP being the attacking nucleotide, and ATP over GTP for the nucleotide being attacked. (2) Whereas pppGp(29-59)R species are quantitatively cyclized by cGAS in a second step, pppRp (39-59)A dinucleotides are poor, if at all, substrates for cyclization. Of note, this second step exclusively generates a 39-59 linkage, at least for the dinucleotide species studied. The fact that only scarce amounts of cyclic di-GMP are found during in vitro reactions might be attributed to lower supply of its precursor molecule pppGp(29-59)G and presumably the preference of pppGp(29-59)A over pppGp(29-59)G during the cyclization step. All in all, this model explains the nearly exclusive generation of .Gp(29-59)Ap(39-5). by cGAS in the presence of ATP and GTP.
Previously it has been shown that the response of STING towards DNA and cyclic dinucleotides can be uncoupled 9 . This observation can now be rationalized by our finding that cGAS produces a novel class of second messenger being a 29-59/39-59-linked cyclic dinucleotide, which is structurally and physiochemically distinct from bacteria-derived cyclic dinucleotides. In fact, this report describes the enzymatic production of a cyclic 29-59/39-59-linked dinucleotide and thereby adds, at the functional level, cGAS to the oligoadenylate synthetase (OAS) family of enzymes that are unique in their ability to synthesize 29-59 phosphodiester bonds. Indeed, this functional similarity seems quite plausible given the sequence homology of cGAS to OAS1, which produces 29-59-linked oligoadenylates upon binding double stranded RNA 15, 20 . Another striking analogy is that cGAS as well as the OAS enzymes both require nucleic acid binding to be activated to synthesize their products in a template-independent fashion. Thus, our results now unequivocally unify these two innate sensing systems and suggest both processes to be evolutionary linked.
The unorthodox chemical linkage within cGAMP(29-59) provides a unique feature that may be targeted by specific cellular regulation mechanisms. At the same time, the cGAS-dependent, two-step synthesis of cGAMP(29-59) could be amenable for the development of specific inhibitors for the treatment of autoimmune diseases that engage the cGAS-STING axis. Note added in proof: After submission of the revised version of this manuscript, Gao et al. 21 and Diner et al. 22 reported the same finding, that cGAMP(29-59) is the cGAS-derived second messenger molecule that activates STING.
METHODS SUMMARY
Cell stimulation. If not otherwise indicated, cells were transfected using Lipofectamine 2000 (Invitrogen) with cyclic dinucleotides at a final concentration of 2 mg ml 21 or DNA (pCI vector) at 1.33 mg ml
21
. In vitro assay for cGAS activity. For in vitro synthesis of the cGAS reaction product 2 mM recombinant cGAS was mixed with 3 mM dsDNA in Buffer A (100 mM NaCl, 40 mM Tris pH 7.5, 10 mM MgCl 2 ) with 1 mM ATP and 1 mM GTP. Reverse phase-HPLC. Cell lysates and enzymatic reaction mixtures were applied to a 4.1 3 250 mm PRP-1 column (Hamilton) and separated in a linear gradient of 0% buffer B for 8 min, followed by an increase of buffer B from 0 to 75% in 62 min at a flow rate of 1 ml min 21 . Buffer A was 20 mM triethylammonium hydrogen carbonate (TEAB) and buffer B 20 mM TEAB in 20% methanol.
Full Methods and any associated references are available in the online version of the paper.
